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ABSTRACT

This thesis exaitines spectrometric oil analysis
data in an attempt to construct tables of statistical
astimates for ase in evaluatiag a laboratory's
performance iandividually and in comparison to a
control laboratory. Tables of estimates wers obivained
from data provided by twenty six laboratories.
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In 1956, the Naval Air Rework Facility at Pensacola
started a trial program to determine if spactrometric
analysis of oil samplas could be used to predict aircratt
engine failures. The WNaival 0il Analysis Program (NOAP)
evolved as a consequenc2 of the success of the trial
program. The program has been expanded o include
monitoring virtually all Navy lubricited systems. In 1976,
NOAP was merged with similar Army and Air Forcs programs and
became the Joint Oil Analysis Program (JOAP). References 1
and 2 provade a more detailed background of the oil analysis
prograam.

The prediction of a pending egquipment failure is
facilitated by the spectrometric oil analysis of a sample of
the lubricating fluid from the equipment. The fluid sample
is burned in the spectrometer and the concentrationz of
certain individual wearmatal elements inm parcts per wmillion
(PPM) are determined by the wavalengths of the 1light
emitted. A record maintained for each equipmz2nt contains
the results <for each wearmetal concentration froam previous
samples. After a sample from a particular piece of
equipment is burned, an evaluator reviews thz results of
current and. past burns to determine if there is an abnormal
treand development or abnormal concentration level.
Depending on which wearma2tals or combination of wearmetals
have developed an abnormal trend, the evaluator 1is
frequ¢atly able to pinpoint the source and recommend the
required preventive maintenanc2 action to the equipment
custodian. Referance 3 contains procsduras, intzrvals for
sampling and normal limits of wearmetal concentrations for

.
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some of the equipments monitored by JOAP.

The normal limits of wearmetal concentrations are not
precise boundaries. One abnormal sample from a given
equipment does not necessarily comstitute a requirement for
a maintanance action. Many factors must be coasidered by
the evaluator. Typically a shorter saspling interval or an
irmediate resample may confirm an abuormal levsl or may lead
the evaluator to <conclude that some errour has occurred
(sample comtamination or saample interchange). Other factors
are the tolerances within which a laboratory can obtain the
same results on r2psated =asxperiments (repeatability), and
can reproduce either its own or another laboratory's results
(reproducibility). These two factors are considered in this
thesis.

Intuitively, it can oe seen that 2 laboratory must be
capable of obtaining fairly consistent results for repeatad
burns of an oil sample. Jtherwise th=zra would be littlé
reason to expect the laboratory to provide data from which
the evaluator would detect a discrepant equipment. We might
expect also that the procedure would often i1dentify a
properly functioning 23Juipment as being discrepant.
Similarly, because military equipments are frequently
transferred from one locaition to another, it is desirable to
be able to use the results from differsnt laboratories for
the same equipment without haviang to wait for each
laboratory to separately davelop trend information about
that equipaent. Aas a wm=2ans of insuring that «consistent
rasults are provided by laboratories, a <ca2rtification
program exists in JOAP (r=ference 3). The procedures for
certification consider only an evaluation of a laboratory's
individual perfocrmance. Reference 4% coantains racomnended
proc2dures for laboratory «certification involving both an
evaluation of a laboratory's performance and its comparison
with a contre' laboratory. Table 8-2 of reference




e e -

contains wvalues of maximum allowable accuracy 1index and
repeatapnility index for laboratory <certification. But
questions nave arisen as to whether the values in the table
refer to —repeatability or reproducibility and what is the
significance level of the values. Because of these
gquestions thera is somz doubt about the validity of the
numbers.

This thesis investigates data provided by twenty six
laboratories that utilize the Baird Atomic AE35/0-3 Atomic
Bmission Spectrometer. The data collacted are for 0, 3, 10,
50 and 100 PPM coacentrations for sach of twenty elements.
Bach sample analysis 1is replicated fifteen tim=2s and each
set of fifteen replications is repeated on two different
days.
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II. CONSIDERATIONS IN SPECIROMETRIC OLL ANALYSIS

A. MEASUREMENT ERRGRS

As discussed in reference 5, there are gpumerous
potential sources of @2rror in results from the atouic
erissions spectrometer, Por each observation taken (for
each o0il sample burned), the observed =reaiiny can be
considered to iluclude z true PPM reading plus an 2=rror terna.
The exror term can be modeled as a randow variable and, for
the moment, can be thought of as an acceumulation of the
effects of all the possibles sources of er~or. These sources
include irputs such as temperature, humidity, electrode gap
widtu, spectromater standardization, inhomog=neous oil
samples, <operator techaique, coantamination, atc. The
observed r=zading can be mathematically ropresent=zd by:

Y =u +E (1)
i i

where Y is the rasult of the ith observation,
i

U is the true PPM, 2ad

E 1is the ervor coaponent of the ith observation.
i

Many of the error inputs can be «c¢ontrollad w0 sone
dagree by careful attention to precedurses established for
the 0il Analysis Program. These 1include saaple handling,
spectrometer standardization and operator tachnigques.




However, in burning oil samples <collected from operating
equipuents, the operator has nc prior estimate of the true
PP4 of the sample nor of the error.

Prom =2guation (1), it can be seen that if th2 magnitude
of the random error is allowed to be large relative to the
true PPM, the error could mask a significant change in the
estimated PPY4. Since the errar 1s not measurable, sonme
method is needed to measure the performance of a
spectrometar.

B. MEASURES OF PERFORMANCE

Since the random -error tz2rm <c¢an be considered to be
normelly distributed (references 4, 5 and §), good measures
of spectrometer performance could be expaected to involve
functions of the sample mean and sampis variancsa. To test
whether a given spectromz%er is producing results within an
acceptable error tolerance level, one wmight make several
cbservations on an oil sample of known PPM¥ concentration and
compute the sample wmean and sample variancs of the
spectrometer readings. If the computed gquantities were
within some predetermined bounds, the spectrometer could be
considered to be operating satisfactorily. Jthecwise, tae
spectrometer should be realign=3 alactronically
(restandardized) and retested. The measures of performance
currently used in JOAP are:

AL = | u - ¥ (2)
and

_ 2 12
(SUUi(Yi - %) /7 (8-1)) el = 1,000 (3

RI




vhere L 1s the known PFPY concentration of the oil sanmple,
¥=s4 (y/Me1i=1,...,8, is the sanmple mean,
i i

Y., is the ith observation on the sample,
i

¥ is the total number of observations taken,
AI is the accuracy index (true PP4 - sampla am=2an), and

RI is the Cepeatability index (sampl2 standard
deviation).
Por the reasons c¢ited abnve, it wvas decii2i that the
mea sures of performance represented by equations (2) and (3}
arce satisfactory for use with oil analysis prograa data.

Currently usei values of the maximum allowable AI and RI
are giveu 1in table 8-2 of reference 3. In their work with
data obtained form the oil analsis program, D. R. Barr, T.
Jayachandran, and B. J. Larson have found that the tabled
values wmay not be realistic bounds (reference 4).

As curreunt doctrinz in the JOAP procedurs, an operator
makes ten sample burns frou a standard oil sample of known
PPY concentration and uses equations (2) and (3) to compute
4L and BRI for each element under analysis. If the computed
28I and BRI do not =2xce=2d tabled values, tha laboratory is
considered to be operating within acceptable tolerances.
Qtharvise, the operator shoaldi restandardize the
spectrometar and repeat the sample burans.
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III. ANALYTICAL RESULTS

1 . i S o

A. OBJECTIVES

The goal of this project vas to statistically estimate
the bounds or limits for A and RI for »oth the within
laboratory effect (rep=2atability) for a single laboratory,
and between laboratory effect (reproducibility) for a given
labaratory compared with a control laboratory. However, it
was discovered that three separate and distinct sets of
indicies could be identified. Appendix B is devoted to a
development of the thre- sets of pounds for the indices,
Notationally, the three situaticons are identified as Casa I,
Case II and Case IL1IT.

b. RESULTS

oy

The procedures presented in this section apply to anmy
[ one of the twenty elements for which tha AE35/U-3
spectrometer is used in JOAP. Thay concern standardization
vith standard oil samples having aay on2 of ¢, 3, 10, SO or
700 PPM <concentrations. The procedures should be applied
for each element and conzentration of interest.

P 1. case I

Dy

244

Case I corresponis to the current usage 3f AI and

Seggees
G

S F45
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BRI, that is, a laboratory makes a set of ¥ sampl2 burns with
a standard oil sample and computes AI1 a&and BRIV usiag

equations (2) and (3). The computed quantities (using a =
10 or & = 15 sample burns} may be compared with the bounds
contained in table I or [V respectively of the na2xt section.
If the computed quantitiszs are not greater than the tabled
éalues, the laboratory's spectrometer may be considered to
be operating within acceptable tolerances for Case I.

AI71 1is the magnitude of the deviation o9f the sample
mean from the known PPM concentration and aight be viewed as
an indicator of spectrometer alignment or standardization.
RYX1 is a measure of the variability in the spectrometer’s
observations. Excess variability suggests either poor
operator techmique or an erratic spectrometer chaanel.

2. case I

Case II muay be congidered to be the tolerances
vithin which a given laboratory would be =2xpected to
creproduce its own results with a second complete set of ¥
sample burns from the same oil sample. The laboratory could
complete these procedures using any oil sample. The
following computations would be made for th2 two sets of
saaple burns:

AI2 = |V - T} (8)
and

RI2

it
>~~~
(1]
~N
n

(5)

where ¥ is the sample mean computed from the first set of

sample bhurns,




X is the sample mean computed from the s2cond set of
sample burans,

s is RI1 computed from the first set of burns, and
Y

s is RI1 computed from the second set of burns.
b'e

The computed quantities (using N = (0 or N = 15
sapple burns) from =eqaations (4) and (S) wmay be compared
with the bounds given in Table II or V respectively of the
next section. If the computed value of AI2 from equation
(¢) is not greater than the tabled bound and if the computad
value of RI2 from equation (S5) lies between the raciprocal
of the tabled value and the tabled value, the laboratory may
be considered to be oparating within acceptable tolerances
for Case II.

AI2 s the magvnitude of <the deviation of sample
means between sets of N cbservations and might be viewed as
an indicator of a chang2 in spe«ctrnmster standization. RI2
is a ratio of sampie variances a . aeasuwres a laboratory's
ability to reproduce its previous results.

A word of caution concerning the dinterpr=tation of
the index RI2 is in order. During the analyses, it wvas
noted that the compuied sample standard deviations from data
sets taken from within a spectrometar appeared to be
related. The correlation coefficent (appendix C) was
computed £or each PPM concentration and element combination
and tested for significance (Table VII). Because the
correlation not23d vwas 1in general juite high, it should be
expected that in alwmost all applications of Case II
procedures, for RI2, the laboratory will pass.

15
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3. casse III

Case III may be «considered to be the tolerances
wvithin which a given laboratory would be expected to
reproduce the ra2sults obtained by a control laboratory.
Under Case III procedures, both the control 1laboratory and
the laboratory under test would complete N sample burus on
the same oil sample. The following computation would be
made for the two sets of sample burms.

AI3 = |J - X| (6)
and

2
RI3 = (s /s ) (7)
Y X

vhere ¥ is the sample wmean of the control laboratory's N

oLservations,

X 1s tha sample wmean of the taest laboratory's ¥

observations,

s 1s RI1 for the control laboratory, and

s 1s RI1 for the test laboratory. K
x ;

The computed quantities (using N = 10 or N = 15 sample
burns} may be compared with the bounds yiven in table III or
VI respectively of the next section. If the computed value
of AI3 from equation (6) is not greater than the tabled
bpound and if the <computed value of RI3 from equation (7)
lies betweer the reciprocal >f the tabled bound and the .
tabled bound, the laboratory under test may be coasidered to é
he operating within acceptable tolarances for Case III. |

16
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AI3 is the magnitude of the deviation between a
control laboratory's and a given laboratory's sample means
and wmight be viewed as an indicator of a given laboratory's
alignment with respect to the control laboratory. RI3 is a
ratio of sample variances and measures a laboratory's
ability to reproduce the control laboratory's results.

C. TABLES

Tables I through VJII are discussed in section III and in

appandices B apnd =, Table VIYI is a comparison of the
aumber of laboratories for which the data submittad was usad
with tb umbar of laboratories submitting data (saea
discussic. . Table IX is an example of the computer output
for one of tha 100 analysis of variance problems (100 PPHM
and element combinations). Appendices 4, B and C have
developments for aost of table IX. Tables I through VII are
taken from the 100 comzuter output pages. Table X is also
taken frow the computer osutput pages and shows for which PPM
and elemant combinations the spectrometar affect was
significant (appeudix A).

17
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FE
AG
AL
BE
CR
cu
NG
NG,
NI
PE
ST
SN
Tl

BA
cD
MN
~3

N

PR R e A

NO. OF LABS USED/NO. OF LABS SUBMITTED

25725
25/25
24/25
21 /21
25725
25/25
25/25
22/22
25/25
24/ 24
25725
21723
25725
21723
22723
2/22
2Lr22
25725
22722
19721

TABLE VIII

3

26/26
26726
23/23
22/22
26/26
26 /26
26 /26
20723
26726
25/25
26726
19/24
26/26
23/24
24/24
23723
21/21
24/ 26
20/23
19/21

25

10
25/26
26/26
256/26
22/22
26/ 26
26 /26
26/26
21723
26726
25725
26/26
21723
26/26
23 /24
23/24
22/23
22 /24
25726
20/23
19721

50
26/26
26726
26/26
21/22
25726
26726
26/26
21/23
26/26
24/ 25
26/26
23/ 25
26/ 26
20/24
23/ 24
21723
21723
24726
19722
14/19

100
26726
26/26
26/.6
21722
26/26
261726
25726
19723
26/26
23/25
26/26
23/2 4
25/26
22/24
23724
21/23
21723
24/26
21723
14/20
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TABLE X

SIGNIFICANT SPECTROMETER EFFECT

; PP 2 3 10 50 1ca
: FE YES NQ YES YES NO
} AG YES YES YES YES ND
| AL Y ES ND YES YES YES
j BE YES YES YE S NG NG
; CR YES Yes YES NG NO
E cJ Y €5 YES YES NO) NO
{' MG YES YES YES YES NG
. NA NO YES NG Y ES YES
}}i NI Y ES NA NG YES YES
» Pa NO NQ NO YES NG
'4? SI NG NO NG NG NG
N SN Y ES ND YES YES YES ‘
4 11 YES NO NO YES Ne
' 8 ND NO NO NO YES
;g EA Y ES YES YES ND) YE S
¥ co ves NG YES NO s}
. M YES YE S VES NG NG
| ¥3 YES NG Y ES YES MO
- v NO NG YES YES NG
IR N YES NC NO YES NG
\
i 27




IV. DISCUSSION AND CONCLUSIONS

The data submitted was, in g=sneral, assumed to be a
representative sampling from the population of AE35/0-3

spectrometers us2d by JOAP. However, from ¥ vs s plots

(reference 9) made from the sample means and sample standard
deviations of the data, it appears that some laboratories
submitted data which was aot consistent with the data frou
other laboratories. Assistance, in determining which sets
of data appeared to be erratic or from spectrometer channels
with set wup (standardization) problewms, was obtained frou
the JOAP Tachnical Support Center. Taple VIII shows the
numher of laboratories from which the data was used comparsad
with the number of laboratories submitting data. In
general, only those sets of data for which the laboratory

appeared to stand apart from the rest on the ¥ vs s plot and
were identified by the Technical Support Center were removed
from tae analyses. It is felt that a few of the
laboratories wmay have been more than coascisntious in
setting up the spectrometer for the saample burns while a few
others may have been soma2what careless. If this were indeed
the situation, the variability (caused by the two extreues)
could have been responsible for the apparent -orrelation
noticed (table VII) for many PPK concentratiocns and element
cowbinatious. This would contributa erronecusly tc the suas
of squares due to error, wmaking the estimates larger in
magnitude than they should be.

The tables of estimates are in a 2ruvde form: perhaps

swoothing over alemants and PPM concentratiouns could reduce

28

e P P - . . TN e et N U Mo A bl A8 T 1 T e b



~

the coarseness of the values. To use the tables €£for PPH
concentrations between those given, the wuser might use
either linear ianterpolation or least squares regressjoan.
Linear least squares rogression was tried using PPM 2s the
independent variable ani the estimate® as the dependent
variable. In general, a good fit was obtained. However,
some of the tabled values appear to bes outliers and in those
cases the results vere not usable. Using Bartlatt’s test
for equal variances (appendix B), it was <found that the
assumption of egual (homogeneous) variancesg was not valid.
According to Neter and Wasserman (raefa2rence 9), unequal
variances can have pronounced effects on inferences about
the variance compounents (appendix A) when using a random
effects wmodel.

vgture work ian this 2rea sbowld include a repeat of this
project with a qualified olserver present ut each laboratory
for the data gathering to ensure that proper standardization
procedures are followed. In this projwct, it was fouand that
the day (standardization) s2ffegt was significant for all PPH
and element combinations. Iin masgy instancas, the F
statistic was more than ten times larger than the tabled P
value (appendix a).

Because the day effect was significant in all cases, it
is felt that the Caseo II procedures described in this report
could be very useful to JOAP. Case I procedures (cdrrently
used in JOAP) used in counjunctiom with case II and case III
proceduves might enaure that laboratories could produce
consistent resulis an both interlaboratecy and
intralahoratory conparisons.

29
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APPENDIX A

MATHEMATICAL MODEL

An Analysis of variance Model (references 7 and 9) is a
statistical tool utilizeld by an experimenter to study the
relationship between a dependent variable (an observation on
a sample burn) and one or more independent variables (mean
»PM concentration, spectrometers, standardization setting,
arror, etc). No assumptlons are required about the nature
of the statistical relation. The effects of the independent
variables are separately studied by parfitioning the total
sum ©of squares (the summation of all the observations
squared) and the associated degrees of freedom intu swaller
sums of sguares that are specifically related to the
indepondent variables. Dividinao a sum of juares for an
effect by its assoclated degress of freedom gives an
unbiased wvariance estimate (mean square). A ratio of two
variance eostimates, under the null hypothesis that the
pacticular effect is 2z2ro, has an F distribation with
degrees of freedouw vl (numerator degrees of freadom) and vz

(denowinator degrees of freedoum) . At a chosen level of

significance, the test statistic, F (the ratio of variance
eastimates), can be tested for significant effect by
comparing F with the tabled value of an F distribution with
v1 and v2 dagrees of freedom, A value of P greater than or

aqual to the tabled valug (at the chosaen level of

significance) implies that +the effect is significant;
othervise, it way be considered to be zero. Analysis of
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variance models may be used for for fixed effects (levels of
independent wvariables uader study are the only ones of
interest) or £for random effects (levels of independent
variables under study are a subset of a population that is
of interest).

The wmodel used in analyses of the data is a Nested
Random Effects Model (reference 7). A random effects model
is considered appropriate because it allows ' for
generalization of the results obtained £rom +tha randomly
selactad subget of a population (speztrometers) o: interest
to the entire population. Twonty five laboratories vwers
chosen from the population of 127. The laboratories wvere
selected by drawing uniform random numbers betwssn 1 and 127
until twenty five laboratories had been selected. However,
those lahoratories based aboard ships and in foreign
countries were aexempted from selection. The time required
to mail oil samplas to tha exemptaed laocosratories and for
thew to return the raesults was thought tu be axcassive.

In the random selection of oil laboratories for
participation in the data collection, +the laboratory
expected to be the control laboratory (JOAP Technical
Support Center) wvas not selectad. Howevar, it was
considered desirable to have the control laboratory included
in the sampling. Kenca, data w3are also collected from
Technical Support Center, making twenty six laboratories in
total. The addition of the non-randorly salect2d laboratory
to the sample should not significantly alter the
generalization of the results to the entire population of
gpectrometers. The nested f{eature of the model allowed <the
author to investigate the day (standardization) effect
vithin spectrouetars.

The modcl can be expressed mathematically as:
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Y = U +A +B  _+E
14k i 3% ik

i"l'-onpr ,j",no-'\]; k= 1,..0,K

vhere Y'jk is the kih observation from the ith apectrometer
i

on day 3J,

’

U is the mean effect,

Ai is the ifh laboratury effect,

Bj<'> is the jth day effect within laboratory i, and
i

Eijk is the random error of the kth observation on

instrument 4 and day j.

The assumptions £ the wodel are that Eijk is
4 2

distributed NI (0,0 ), Ai is distributed NI(O,dA), and Bj‘ii

2 2
is distributad NI(O,UB} for each 1. The notation NI (0,0 )

means normally and independently distributed with mean O and

2
variance ¢ .

The assuaptlion of a normal distribution for observatioas
on o0il sample burns seeuws reasonable and is documented by
previous work with oil analysis data (refarences 4, 5 and
6) . The assumption of independence is sowevhat guestionable
based on previous work. It has been found that there exists
a dependence between certain elements and a dependence
between PPM concentrations (references 4, S and 6).
However, in view of the fact that all of the analyses in

B xS
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this report were performad f£or one PPM concentration and one
element at a time, the assumption of independence does not
SQAAN unreasonable.

The sums of squaras for the model (reference 7) are:

2
SSM = IJK(Y ) ,

2 2
SSA = JK%SUM (Y - Y ) = SUM (Y., ) /IK - SSM ,
L i i i

$S A) = K*SUHM v -7
(BL&) i,j( iq. i..)

2 P4
= SUM Y K - SUOM (Y JK
i,j‘ij.) / 1(1..’ /38

2

SSE = sSUH ( )

Y - Y
l’jik ijk‘ ijo

2 2

- ¥ Y
SUN ( ij.) /K

= suM Y
i,3/k 13k i,

2

SSTO = SUM, Y,
i, 3,k ijk

i= 1,00-,1, j= 1,...,'], k=1lno-'K (a1’
wvhere SSM is the sum of sgyuares due to the mean effact,

SSA is the sum of squares due to the laboratory effect,

§S(B|A) is the sum of squares due to tha 3ay within
gpectrometer effect,

SSE is the sua of sjuares due to the random error

33
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affect,

SSTO is the total sum of squares,

4 = S /LJK, b4 = SUM

UM b4 Y JK ¢

Y = SUM ¥, /K , i, 7 and k are defined in aquation (al),
ig. k ijk

I is the number of laboratories, J is the number of days
sampled, and K is the number of replications for each
laboratory and day coambination.

The mean squures for the wmodel (raference 7) are:

4SA = SSsa/(1I-1) ,

MS(BiA) = SS(BlA)/I(Jd-1) , and

MSE = SSE/TJ(I-1) (a2)
where MsA is the mean squares due to the spectrometer
affect,

MS(B{A) is the m3an squares due to the day
(standardization) within spectrometer effact, and

MSE is the mean squares due to randoa error.

The tuwo test statistics accociated with the model are:

FA MSA/MS(BJA) with (X-1) and I (J~1) degrees of

freedoa and

FB = M3(B|A) /MSE with I(J-1) and IJ(K-1) degrees of
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freaedon, ' (a3)
vhere FA is the test statistic wused to ta2st for a

significant spectrometer effect and

FB is the test statistic used to test for a significant

day affect.

The usual estimators for the components of variance are:

“a

g = MSE,

~a
' C)'B = (MS(BlA) - MSE)/K, and
?
|
[ A~
v 2
! o, = (HSA - S (BIA))/JK. (al)
‘;\’ -
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APPENDIX B

ESTIMATORS FOR AL AND RI

While developing bounds on AI for the three cases, it
was found that for variance estimates the usual chi-square

statistic was not appropriate. The sum of k independent
2 2

chi-square distributed random wvariates (n 3 /0 ) with o,
ii i

degreas of freedom (reference 8 is a chi-square random

2 2

variate (nsS /o ) with n = o + B, tevsoot nk dagrees of

freedon. However, the variance estimates used in

determining the bounds for AI wvere linear combinations of
variances for which Cochran's theorsm is not applicable.
Using the procedures described in chapter 17 of refereunce 8,
an approximate <chi-square statistic can be formed as

follows:
4 = ng/G (b1)
2 2 2
where 1n = (sUM g x ) /SI¥ (g x . »), i = 1,...,K, is the
171 i i 7ii 1

approximate degrees of freedom,
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g = g MSA + g MS(E|A) + g MSE,

x, = MSA, x, = MS (Bla), x, = MSE and the g 's will be
i
defined in the development that follows <for th2 variance

astimates.

A. CASE I

A 95 percent confidence bound on AI1 (lu-F. 1), is
i

j.
1/2
given by t (.975)g v
n

where ¥, is the sample mean of K observations with the ith
ij.

spectrometar on day j,

g is a variance estimate of (W=~ ¢ )

ij.
n is the approximate degrees of freedom, and

t (.975) is the tablad value of Student's t distribution
n

having n degrees of freedou.

The variarce »>f (u - !'j ) can be found as follows:
i

V(u-1Y = V(Y = V(sUM Y K
(u ij.) { ij.l ( K ijk/)

2

= (1/K ) V(SUM + A + B + E
(/K ) V(SUB (ue B ¢ B+ B )
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2 2z 2 2 2
1/K (K g + K o_ + SUM V(E, )
A B k ijk

2 2 2

g +ag9g +0g /15, k= 1,0..,K
A B / ’ [ [ 4

An estimate, 3, 0of V(u -7 )
i

is (from equation (ad4)):

g= g USk + g MS(B|A) + g MSE,

g, = /3K, g, = (3=1)/JK and g_ = (K-H) /KN, (b2)

where I is the nuaber of spectrometers usad in the analysis,

J is the number of days (2),
K is the number of _epeated observations, and

¥ is the number of sample burns for which tables wvero
constructed (10 or 15).

The approximate degrees of freedom n associated with the
variance estimate g is:

n = [ngSl + ngS(BiA) + gJHSE]/

2 2 2 2 2 2
[qt(HSA) /{(I=1) + gz(HS(BIA)) /T (J-1) + ga(HSE) /13 (K-1) ]

(b3)

The usual 95 percent apper confidence bound on RI? would
2 1 /2
be [n(MSE)/ x (.05)]  where n is the degrees of freedonm
n

2

associated with the variiace estimate, MSE, and x (.95) is
n
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the tabled value of a chi-square distribution hawving n

dagrees of freedom. During analysis it was found that this
upper hound on BI1 was aot realistic when compared with the
sanple standard deviations computed £from tha2 data. A
Bartlett test for equal variances was performed (reference
9) for sevaral PPM and element combinations. It was found
that £for all combinaticns tested, the hypothesis of equal
variances was rasjected. Therefore, another amethod for
estimating the upper bound on RI1 was developed.

Po estimate the upper bound on RI1, the sampl2 standard
deviations for both days on all spectrometers were used to
construct an eampirical cumulative distribution function.
The 95 percent upper bound was found by linear interpolationm
on the swpirical cumulative distribution function.

To £find the upper bound on RI1 for ¥ = (0 sample burns,
it is assumed that the upper tail of the distribution »of
sasple variances can be approximated by the upper tail of a
normal distribution. To develop a relation between the
distributions for 10 aad 15 sample burns, it is further
assumed that the sample variances have first 2and secoad
moments that are related in the same manner as those of

chi-square variates. The variance of a chi-square variate

2 2
(v.S. / o) is 2v, (refer=nce 7), and
ii i

3 L3 2 2 2 [
= (o] / o)
V(Sl) /V1V(V13‘ ag) = 2 /Vt

and, from the 95 percent upper bound we have

2 2
P(S, SRI ) = .95
X !

2 2 * 12 2 2 8 1/2
or, P((S - 0 1)/(2 9 /v ) $ (RI - 0 ) /(2 0 /v ) ) = .95
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2 2 . 1 /2
ar, @((th-c y/7(2 ¢ /v1; ) = .95

2
vhere S1 is the estimate of sample variance for ¥ = 15

sample burns,

v, is the degrees of freedom of the estimate (v1 = 14),

and

¢ is the staadard normal CDF.
After equating the above to a similar statement for N = 10
sample burns, we have:

t/z 2 1L /2 2 1/2
31110 = ((14/9) 31115-(1-(“&/9) ) o)

2
Replacing ¢ by its estimate (MSE) gives the uppzr bound on

RI1 for N = 10 sample burns.

B. CASE II

A 95 percent confidsnce bound on AI2 (JY - X!|) is given

1/2
by tn(.975)g , where ¥ is the sample mean of the first

set of N observations, and X is the sample mean of the

second set of N observations.

The variance of (Y, - ¥, ) <can be found as follows:

ij. ijr.
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cov(Y. Y = B(T -u)(f =-u) =20
ov(T oTy ) (T~ (T, W) N
2 2
Hence, V (Y, -Y )y=20 + 20 /15,
ij. ije. B
An estimate, g, 9f V(T ~ Y . ) is (from 2quation a4)):
ij. ije.

g = g‘uSA + gzuS(BlA) + 93HSB

qt = 0, g2 = 2/K, and g3 = 2 (K-N) /KN (bd)

The approximate degrees of freedoa, n, ars2 found |usipg

equation (b3) with the g 's as defined in egquation (bd4).
i

z 2
A 95 percent confidence interval on RI2 (s /s ) is given
y x

by:

1/F .975) s RI2 < F 975 b5
7By aa 979 a2 979 (b5)

where F . 2(.975) is the tabled value of an P distribution
ni,n

having n! and n2 degrees of freedom.

Since the number of observations, N, is the same for
both sets of observations nt! = n2 = N-1 = 9 or 14.
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C. CASE IIX

A 95 percent bound on AI3 ({Y =~ ¥{) i3 given by

172
t (978} g / ’
o

vhege ¥ Ls the gucpls wean of tho control laboratory’s N

ouservations, and

¥ 18 the sawmple wean of the given laboratory's N

ocbuwacvationu.

The variaunce of (Yij. - Yi'j'.) is found as tollows:

V(Y - Y )

i 1v4e,
® V(Yij.) + V‘Yl'jl.' ~ 2cav(Ylj.'Yi'j'.)
Cov(Yi,.,Yﬁ'j") s 0
A A 2
V(Y -1 w2y 2y + 2 15
( L4, i'j'.’ OR UB g/

Au estimata, y, of V(rij. - Yi“j'.) +8 (from equation (ad)):

g = g HSA + g ¥S (K|A) ¢ g HSY,
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g, = 2/dK, g, = 2(3-1) /3K, and g = 2(K-N) /KN (b6)

The appropriate dJdagrees of freedom, n, are found using
equation (b3) with the gi's as defined in equation (b6).

The 95 parcent bound cn RI3 is found using equatica (bS).



APPENDIX C

CORRELATION

During analysis of the data provided by the
pacrticipating laboratories, the sample standari deviations
were computed and the correlation coefficient (reference 9)
vas computed as follows:

raum = SUM x - SUY x SUM N
1555 %5081/

2 2 1/2

2 2
-d 50 - (SOM N) (SUM - (SUM N
rdenom = (( uixi ( ixi) /N) ( R ( iyi’ /X))

r = ronum/crdenom , 1 = 1,...,T (ct)

whers y 4is the sauple standard deviation couwputa2d from the
i

data collected oo the first day that data was collected for

@ach PPM and element combination,

x is the sample standard deviation computed £from +the
i

data collected on the second day, and

I is the number of laboratories submitting data for a
given PPM concentration.

Table VII gives the values of the correlation

coefficient r for each PPM and element combination. To
determine whether the correlation coefficents computed were

4u
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significant, the test statistic t vas computed as follous:

1/2 2 12
t =r(l - 2) /{1 -t¢) (5

Under the hypothesis that the correlaticn is zero, t is
distributed as Student's t distribution with I - 2 degrees
of freedom (reference 3). Entering a t distribution table
vith the test statistic ¢t and I - 2 degrees of freedom
yielded the tail areas that are also given in Table VII. If
one chose .05 as the desired level of significanca, any tail
area listad in Table VII not greater than .05 would imply
that the corresponding correlation coefficient is
significant: there is a significant positive correlation
between the standard deviations of the fizst and second
day's observations at 2a given laboratory. The discussion
above assumes that the day one and day two sample standard
deviations are observations on a bivariate normal population
(reference 9). However, sample standard deviations are not
normally distributed. Hence, the results in table VII
should only be interpreted as rough indicator:.
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APPENDIX D

PARTICIPATING LABORATORIES

the following is a 1list of the laboratories that
cooperated by making the the sample burns and submitting
their results for +the author's analyses. Th2 numbering
system has no relation to the oil analyses prograam.

Lab no. Location of laboratory
1 Technical Support Center, Pensacola
2 McClellan AFB
3 Hunter AAP
4 NAS Norfolk
5 MCAS Cherry Point
6 Langley AF3B
7 Peasa AFB
8 Laughlin AFB
9 Bergstrom AFB

10 NAS Whidbey Island
11 Dover AFB

12 PT Rucker

i3 Dyess APFB

14 Yyrtle Beach iPB
15 ANG, Jacksonville, Pl
16 Davis Monthan AFB
17 McChord AFB

18 Shaw AFB

19 Eglin AFB

20 Holloman AFB

21 Randolph APB

22 Minot AFB
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23
24
25
26

NAS Alameda
Ft Hood
Grandfork AFB
Ellsvworth AFB
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